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Abstract. The availability of datasets providing information on the spatial and temporal evolution of greenhouse
gas concentrations is of high relevance for the development of reliable climate simulations. However, current
gas detection technologies do not allow for obtaining high-quality data at intermediate spatial scales with high
temporal resolution. In this regard the deployment of a wireless gas sensor network equipped with in situ gas
analysers may be a suitable approach. Here we present a novel, non-dispersive infrared absorption spectroscopy
(NDIR) device that can possibly act as a central building block of a sensor node to provide high-quality data of
carbon dioxide (CO2) concentrations under field conditions at a high measurement rate. Employing a gas-based,
photoacoustic detector we demonstrate that miniaturized, low-cost, and low-power consuming CO2 sensors may
be built. The performance is equal to that of standard NDIR devices but at a much reduced optical path length.
Because of the spectral properties of the photoacoustic detector, no cross-sensitivities to humidity exist.
1 Introduction
The Earth’s climate is influenced by a complex interplay of
processes occurring on land, ocean, and in the atmosphere
(Bouwman, 1999). Numerous observations currently imply
that the recent, anthropogenic release of large quantities of
greenhouse gases (GHGs) into the atmosphere has shifted
the balance related to natural biogeochemical cycles. Closely
associated with this is the strengthening of the greenhouse ef-
fect which has triggered an increase in the global mean tem-
perature (Schuur et al., 2015; Solomon et al., 2009). This
has led to a rapidly changing climate on local, regional,
and global scales commonly referred to as climate change.
It is further believed that climate change is even accelerat-
ing, with significant influences on the current way of life and
global ecosystems. In recent years many attempts have been
made to assess climate change and its impact on a local, re-
gional, and global scale with the aid of computer simulations
(Moss et al., 2010). However, the spread in future climate
scenarios resulting from state-of-the-art earth system models
(ESMs) is large due to shortcomings in the constraining and
parameterizing of associated variables. A common approach
to make predictions more reliable is based on the develop-
ment of models relying on ground truth data.
Currently a lack of adequate measurement technologies
makes it hard to track the influencing factors and effects of
climate change in a reliable fashion. Particularly, the compo-
sition of the atmosphere is an indicator of the overall con-
dition of the Earth’s climate, and data on the atmospheric
concentration levels of GHGs are of great interest in climate
science. Among the various relevant GHGs, carbon dioxide
(CO2) and its dynamics stand out because of its compara-
tively high average concentration of the order of 400 ppm.
Today’s measurement strategies involve the determination of
local concentration values via in situ (point) measurements
and micrometeorological measuring stations (Wang et al.,
2013). Additionally, data from such near-ground measure-
ments are supplemented by data gathered from remote sens-
ing via planes and satellites (Lees et al., 2018). However, all
of these methods only partially meet the demands placed on
data of GHG concentrations in terms of spatial and temporal
resolution, leading to a shortage of suitable datasets. They
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Figure 1. Current state-of-the-art approaches for greenhouse gas
monitoring to a large extend rely on deploying bulky and expensive
laboratory devices in the field. In order to cover large areas remote
sensing is currently the only viable option albeit at poor temporal
resolution.
are restricted in their spatial resolution because the sampling
is associated with large efforts in terms of infrastructure ex-
penditure by deploying laboratory-grade devices in the field.
The related high costs result in poor surface coverage and
coarse spatial resolution.
In this contribution, an optical sensing technology using
so-called non-dispersive infrared absorption (NDIR) spec-
troscopy and employing a photoacoustic detector is proposed
as a central building block for ground-based, wireless gas
sensor networks by which current restrictions could be over-
come. The sensing concept enables low-cost production of
robust, small, and reliable gas detection technology. This
way, variations of the gas concentration levels may be mon-
itored in situ and in real time at arbitrary spatial resolution
by adjusting the mesh size of the network. The gas detec-
tion scheme is intimately related to the original URAS de-
sign (Lehrer and Luft, 1942), but considerably simplifies
the setup. While in the past highly sensitive and sophis-
ticated, photoacoustic-based approaches have been demon-
strated (Bernhardt et al., 2010; Elia et al., 2009; Rey and
Sigrist, 2007, 2008; Wu et al., 2017), only recently has the
potential for simple yet reliable devices started to gain atten-
tion. An early setup to miniaturize the URAS was demon-
strated about a decade ago using pressure sensors to gauge
the light intensity (Schjølberg-Henriksen et al., 2008). Since
then, both thermal emitters as well as light-emitting diodes
(LEDs) have been used in combination with gas-based de-
tectors to build gas sensors (Bierer et al., 2018; Knobelspies
et al., 2016; Köhring et al., 2015; Kuusela et al., 2009; Scholz
et al., 2017; Scholz and Palzer, 2016; Wittstock et al., 2017;
Uotila, 2007; Lindley et al., 2007; Chen et al., 2005; Kar-
ioja et al., 2010) for various applications. Additionally, we
present a simulation comparing the sensitivity of standard
NDIR and photoacoustic-based NDIR to highlight the po-
tential for miniaturization when using a gas-based detector.
Employing a single channel device consisting only of a light
source, a waveguide, and a photoacoustic detector, we show
that temperature variations may be compensated for to enable
long-term stable operation. Because of the working principle
of the device, no cross-sensitivities towards humidity are de-
tected.
2 Sensor design and properties
The sensor concept is based on a combination of NDIR spec-
troscopy and photoacoustic signal generation. This combi-
nation may be employed for other infrared-active gases, but
here its functionality for applications in environmental mon-
itoring is demonstrated using CO2. The sensor consists of
a LED1 as a light source, an infrared waveguide simultane-
ously acting as a measurement cell, and a small cell filled
with pure target gas (CO2) at 1 bar pressure that forms the
light detector. The relevant spectra are illustrated in Fig. 2b.
The emission spectrum of the employed LED at 4.25 µm
(2350 cm−1) in the mid-infrared (MIR) spectral range cov-
ers the ν3 CO2 absorption band as shown. The MIR is par-
ticularly suitable for the formation of a strong photoacous-
tic signal because the conversion process of optical energy
into kinetic energy of the gas molecules is very efficient in
this spectral region. Additionally, the MIR features strong
absorption lines to promote sensitivity. The detector has an
IR transparent window by which the LED radiation can en-
ter the cell. A reflector in the form of an ellipsoidal waveg-
uide realized at an optical path length of z= 36 mm is used
to guide the LED radiation to the detector. Due to the ge-
ometry of the reflector, LED and detector may be arranged
in a plane. The bottom of the reflector is open and acces-
sible for ambient air to enable in situ measurements of the
CO2 concentration relying on diffusion of ambient CO2 into
the probe volume. The setup does not involve filtering mem-
branes that could potentially influence the diffusion process
and thus we assume it to be a true in situ device, measuring
the CO2 concentration at its position. Relying on diffusion
only, no further inlet mechanisms such as pumps to promote
the gas exchange are used in the setup. The detector cavity
has a cylindrical shape with a length of 3 mm and a diam-
eter of 1.5 mm. The simplicity of the sensor design and the
use of low-cost components only are intended to support the
production in microsystems technology for mass fabrication.
The working principle of the detector is based on the pho-
toacoustic effect, which is why the LED intensity I0 (˜ν) has
to be intensity modulated in order to trigger a photoacous-
tic signal in the detector (Scholz et al., 2017; Scholz and
Palzer, 2016). The strength of the detector signal depends
on the spectral overlap of the incident radiation at the detec-
tor and the absorption characteristics of the detector which
1Hamamatsu L13201 URL: https://www.hamamatsu.com/
eu/en/product/type/L13201-0430M/index.html (last access: 10
September 2018).
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Figure 2. A schematic drawing of the basic setup of NDIR devices, which consist of a light source, an optical path enabling the interaction
between light and gas molecules and a light detector to gauge the intensity. In case of no absorption the detected light intensity is at maximum.
Absorption consequently leads to a decrease in detected light intensity in accordance with the Beer–Lambert law. The LED emission profile is
sensitive to variations in temperature. The emitted intensity decreases with increasing temperature and the LED profile also shifts in position
and width. In the top panel on the right, the LED profile in the range between 5 and 35 ◦C relative to the normalized signal at 20 ◦C is shown.
In the right bottom panel, the spectral lines of CO2 and H2O are shown for an optical path of 36 mm for a concentration of 400 ppm CO2
and 70 % rel. humidity at 30 ◦C, respectively.
determines the sensitive range of the sensor:
A
(
nCO2 ,z
)= ∫ ∞
0
I0 (˜ν)e−σCO2 (˜ν)nCO2z ·DDet (˜ν) d˜ν,
where σCO2 (˜ν) denotes the wavenumber-specific absorption
cross section, nCO2 the number density of the ambient CO2,
and z the optical path length. As displayed in Fig. 2, the de-
tector signal decreases when target gas molecules cause an
attenuation of the emitted light via absorption on the path
between LED and detector. The signal itself is a soundwave
at the intensity modulation frequency and is recorded with
the MEMS microphone incorporated in the detector cell. To
gauge the amplitude of the soundwave, the signal is con-
verted into a digital signal, which is evaluated using the Go-
ertzel algorithm (Goertzel, 1958). In comparison to a thermal
emitter (Knobelspies et al., 2016), the use of a LED provides
means for fast modulation of arbitrary shapes and a reduction
in power consumption. Due to the free choice of the modula-
tion frequency, the signal can be adapted to the best possible
operating conditions.
Comparison to standard NDIR
For a gas-based detector filled with the pure target gas at am-
bient pressures, the spectral response function of the detector
is highly similar to the spectral profile of the ambient gas
if measuring at ambient pressures. Only those parts of the
LED emission spectrum that are resonant with the gas fill-
ing may actually be converted into a photoacoustic signal be-
cause the signal depends on the absorption properties of the
gas molecules enclosed in the detector cell. This characteris-
tic feature is ultimately responsible for the optimized sensor
sensitivity. The change in the signal amplitude results from
the spectral overlap in both cases. Hence, the signal change is
more significant for a sensor employing a gas-based detector
in comparison to an identical NDIR sensor on the basis of
a detector technology that responds across a broad spectral
range under otherwise equal conditions. A simulation of the
spectral profiles giving rise to the respective signal strengths
for standard NDIR and photoacoustic NDIR is illustrated in
Fig. 3. It depicts the spectral profiles of the spectral compo-
nents for a standard NDIR sensor employing a photodetector
and that of a photoacoustic NDIR device.
In the case of the photoacoustic detector the spectral re-
sponse of the sensor device is the convolution of the LED
profile and the absorption lines of CO2. That means that the
detector’s signal strength is much less affected by spectral
portions of the LED spectrum that do not contain informa-
tion about the CO2 concentration in the optical path. Still,
any CO2 absorption will diminish the soundwave amplitude,
thus leading to a signal. On the contrary, in the case of a
photodetector photons outside the CO2 absorption band will
cause a signal. Absorption caused by CO2 will still lead to a
diminishing photodetector signal, but the relative change is
about 1 order of magnitude lower (see Fig. 4). The enhanced
sensitivity can thus be used to realize sensors with much re-
duced overall size. The sensor response here is defined as
S
(
nCO2
)= A (0)
A
(
nCO2
) − 1,
where A
(
nCO2
)
and A (0) are the soundwave amplitudes and
photodetector signal strengths in the presence and absence of
CO2, respectively. At higher concentration values and depen-
dent on the optical path length, saturation effects are antici-
pated that lead to a slight tilt in the sensor response.
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Figure 3. (a) The LED’s emission profile as well as the simulated absorption spectra of the detector filling and the absorption caused by
1000 ppm along the optical path of 36 mm. (b) The corresponding change in signal strength caused by the absorption is depicted as the
black shaded area. (c) The corresponding spectra of a standard NDIR device consisting of the same LED and the same optical path and
concentration but using a photodetector to gauge the light intensity. Note the different scale of wavenumbers. (d) The corresponding signal
is caused by the same absorption as in the photoacoustic detector, but now the relative change is much smaller.
Figure 4. Result of the simulated sensor response for various op-
tical path lengths and concentrations in the case of using a pho-
toacoustic detector (solid lines) and in the case of a photodetector
(dotted lines). The sensitivity increases by about 1 order of magni-
tude. E.g. while 600 ppm cause a sensor response of > 5.5 % at 2 cm
optical path using a photoacoustic detector, the same optical path
results in a change of about 0.6 % using a photodetector.
3 Proof-of-concept
The requirements for a suitable sensor in environmental
monitoring are high with regard to the stability against
changing ambient conditions. The sensor should be prepared
for various situations, including rain, snow, wind, and tem-
peratures in the range of at least −30 up to +50 ◦C. Besides,
they have to cope with different levels of humidity and the
probable influence of other ambient gases. One of the ma-
jor difficulties in optical sensing today is, however, an insta-
ble light detector signal under varying temperatures mainly
caused by the temperature dependency of the light-sensing
element. State-of-the-art detector technology often requires
temperature stabilization, which triggers high energy expen-
diture, costs, and efforts. The signal amplitude of the sensor
developed in this contribution also shows a behaviour that
correlates with temperature. Although the photoacoustic ef-
fect is basically temperature-driven, the main influence re-
sults from the temperature dependency of the LED emission
profile (Wittstock et al., 2017). As displayed in Fig. 2, the
LED output power as well as the position and width of the
LED spectrum shift with temperature, whereas the shift in
the CO2 absorption spectrum of the detector filling is only
minor. Due to a change in the overlap between the spectral
profile of the LED and that of the photoacoustic detector, an
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Figure 5.Calibration of the experimental CO2 photoacoustic NDIR
device and proof-of-principle measurement. The calibration mea-
surement reveals a non-linear sensitivity, which limits the resolution
capabilities in the high concentration range. The proof-of-principle
measurement demonstrates the capability of the sensor device to
monitor the dynamics of plant respiration with an adequate tempo-
ral resolution.
influence on the sensitivity is anticipated. However, it was
found that the temperature dependency is well described by
a polynomial relation and can thus be easily corrected for.
Consequently, the ambient temperature is measured in paral-
lel to the sensor signal. The sensor does not require any kind
of active temperature control, which is a major step forward
to the goal of the development of a sensor that is free of en-
vironmental influences or that can easily cope with them.
The presence of other absorbing gases apart from the tar-
get gas can affect the strength of the sensor signal when they
have absorption lines within the spectral overlap of the LED
emission profile and the sensitive range of the detector. In
general, the influence of other gases can be suppressed or at
least minimized by the choice of a suitable spectral range in
which other probably expected gases do not absorb. In envi-
ronmental monitoring, the most important interfering species
is that of water vapour because it absorbs almost throughout
the whole infrared spectral range. In this regard, the spectral
range between 3 and 5 µm forms an exception and is there-
fore perfectly suited for gas detection with almost zero cross-
interference by humidity. As can be seen in Fig. 2, the spec-
tral lines of CO2 and water do not overlap within the LED
spectrum. This is why no influence is observed (Scholz et
al., 2017). However, moisture can affect the performance of
a sensor under condensation conditions. In this case, water
droplets may accumulate at the surface of the sensor compo-
nents, which reduces the radiation at the detector due to scat-
tering. This can be countered by the use of a water-repellent
but gas-permeable membrane within the sensor design. In
order to demonstrate the suitability of the sensor, measure-
ments were performed in the laboratory for calibration pur-
poses as well as in simulated field conditions.
The relation between sensor response and concentration
has been used to calibrate the sensor signal using an ap-
paratus to control test gas concentrations in the laboratory
(Kneer et al., 2014). The absolute precision of the system
used to control individual mass flows is 0.3 %. The con-
centration of the certified CO2 gas cylinder used in the ex-
periments is stated as (39 900±800) ppm. With a total gas
flow of 1 L min−1, this leads to a maximum deviation of
140 ppm from the set concentration value which is taken
into account when calculating the sensor response. Figure 5a
shows the sensor calibration measurement for concentrations
in the range of 500–7000 ppm CO2. Each value S
(
nCO2
)
has
been calculated as the average of the last 300 measurement
values from each concentration step in order to ensure con-
stant, steady-state CO2 concentrations inside the measure-
ment chamber. The corresponding measurement error was
calculated using the standard deviation σS
(
nCO2
). Each indi-
vidual measurement value is calculated using the Goertzel
algorithm as described in Scholz et al. (2017). This allows
for a possibly high measurement frequency and enables the
device to monitor rapid changes in the CO2 concentration. A
cubic fit was used to approximate the sensor response. Us-
ing 3.3× the average of the measurement errors, a limit of
detection of 345 ppm has been calculated for the linear part
of the fit near 0 ppm. The average resolution in the range up
to 7000 ppm has been determined to be 560 ppm (3σ ). The
underlying, temperature-corrected measurement is based on
a sensor with an LED drive current of 80 mA electronically
modulated at fMod = 300 Hz and a duty cycle of 50 %. The
power requirements of the sensor operated this way are only
65 mW, which is also mainly governed by the LED. The cal-
ibrated sensor was used to monitor the respiration of a plant
enclosed within an opaque box with a volume of 9000 cm3.
When the box is closed, CO2 is produced by the plant, lead-
ing to an increase in background CO2 level. After a certain
time, the box is opened and thereby aired before it is closed
for a further measurement cycle again. The setup and con-
duction of the experiment basically resemble the approach
of chamber measurements often used in environmental mon-
itoring for point measurements as illustrated in Fig. 5c (Ro-
chette et al., 1997). As can be seen in the corresponding mea-
surement in Fig. 5b, the box was opened at approximately
200 and 340 min after the beginning of the experiment for a
short time in which the CO2 concentration in the box returns
to the ambient (background) level at approximately 400 ppm.
Afterwards, the concentration increases again in a very simi-
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lar manner. Among other things, the NDIR detection scheme
was chosen because of its scalability with regards to the op-
tical path length. This allows for adaption to the sensitivity
of the sensor and the detection limit to a suitable range so
that even lower concentrations can be monitored at reason-
able resolutions for other measurement tasks.
4 Conclusions
To support the extensive data collection on the distribution
and the dynamics of important greenhouse gases, a low-cost
sensor suited for the monitoring of CO2 concentration lev-
els in environmental applications is presented. It allows for
analytic, specific, and quantitative gas measurements at high
measurement frequencies on the one hand and for reliable
measurements under field conditions on the other hand be-
cause of the robustness of the detection scheme. Due to its
simple design it provides the option for implementation in
microsystems technology. Therefore, the suggested technol-
ogy is almost ideal for manufacturing in large numbers to
support a widespread distribution of the sensors. Since the
power requirements are in the mW range, the sensor princi-
ple is well suited to be combined with a solar panel or similar
to form the nodes of an in situ sensor network by which glob-
ally comparable data on the concentration levels of a target
gas can be assessed on adjustable scales over a long period
of time. The sensor principle can be easily adapted to other
infrared active gases such as methane.
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